A novel pyroelectric detector consisting of a vertically aligned nanotube array on thin silicon (VANTA/Si) bonded to a 60 μm thick crystal of LiTaO 3 has been fabricated. The performance of the VANTA/Sicoated pyroelectric detector was evaluated using National Physical Laboratory's (NPL's) detectorcharacterization facilities. The relative spectral responsivity of the detector was found to be spectrally flat in the 0.8-24 μm wavelength range, in agreement with directional-hemispherical reflectance measurements of witness samples of the VANTA. The spatial uniformity of response of the test detector exhibited good uniformity, although the nonuniformity increased with increasing modulation frequency. The nonuniformity may be assigned either to the dimensions of the VANTA or the continuity of the bond between the VANTA/Si coating and the pyroelectric crystal substrate. The test detector exhibited a small superlinear response, which is similar to that of pyroelectric detectors coated with good quality gold-black coatings.
Introduction
The choice of the absorptive coating is very important in determining the performance of a thermal detector [1] . The addition of a black coating to the active area of the thermal detector increases the fraction of incident radiation that is absorbed and converted into heat, but also increases the heat capacity and hence reduces the temperature rise of the detector-coating composite. It is important that black coatings have high absorptivity, and also intrinsically low thermal capacity. These requirements are all satisfied by vertically aligned nanotube array (VANTA) coatings, which have been shown to combine very high absorptivity values [2] [3] [4] [5] and very low thermal capacities. Absorptive coatings applied to thermal detectors should also have high thermal conductivities. This condition is also satisfied by VANTA coatings, which have been shown to have high thermal conductivity axially as well as transverse to the nanotube forest [6, 7] .
Despite the potential advantages of VANTA coatings over other black coatings [8] , they have yet to be widely applied as absorptive coatings for thermal detectors because VANTA coatings have only been reliably grown on high-mass super alloys and on thermally stable materials such as silicon [3, 4] . The main obstacle to putting a VANTA coating on a pyroelectric transducer is that VANTA coatings are grown at substrate temperatures of about 750°C in a reducing atmosphere. The growth temperature is well above the Curie point of pyroelectric materials such as LiTaO 3 (∼660°C) and the growth conditions modify the dielectric properties of the crystal by diffusion of oxygen from the surface. This paper describes the evaluation of a pyroelectric detector having a novel composite VANTA-on-silicon absorber. The thin silicon substrate on which the VANTA coating was grown was bonded to a 60 μm thick LiTaO 3 pyroelectric crystal, which acts as the detector transducer. This paper describes the fabrication of the new detector and the evaluation of its radiometric characteristics.
Method
A. Fabrication of the VANTA/Si-Coated Pyroelectric Detector A variety of methods have been used to apply carbon nanotubes to a thermal detector, e.g., bulk nanotubes sprayed on pyroelectric materials [9] , a freestanding forest transferred from a silicon substrate to a pyroelectric or thermopile detector [10] , direct growth onto a pyroelectric by means of chemical vapor deposition (CVD) [11] , and hot-wire CVD [12] . These approaches all come with compromises with respect to cost, detector performance, and fabrication yield. In the present work, rather than removing the nanotube forest from a silicon growth substrate and transferring it to the pyroelectric substrate, we leave the nanotubes on the silicon substrate. In order to minimize the heat capacity, we grew the nanotube forest on relatively thin silicon (we refer to this subassembly as VANTA/Si) and bonded the VANTA/Si directly to the pyroelectric detector electrode. Figure 1 shows a flow chart that summarizes the process that was used to fabricate the pyroelectric detector with the VANTA/Si coating. The nanotubes were grown by CVD in a 15 cm quartz tube furnace. The 10 μm thick silicon wafer, which was approximately 8 mm × 8 mm, was coated with 5 nm of Al 2 O 3 and that was over-coated by 1.1 nm thick coating of Fe-based catalyst. The silicon substrate was introduced into the furnace chamber and ramped to the set point temperature of 780°C while flowing Ar [3250 standard cubic centimeters per minute (sccm)] and H 2 (580 sccm) through the tube. The forest growth was carried out at atmospheric pressure while maintaining the same temperature by adding C 2 H 4 gas (300 sccm) to the flow.
The pyroelectric detector element was constructed from a 60 μm thick, 12 mm diameter, lithium tantalate (LiTaO 3 ) crystal. Circular electrodes, 10 mm in diameter, were deposited on each face of the crystal which consisted of 50 nm of gold on top of 25 nm of chromium on the back face and 25 nm of chromium on the front face (the face to which the VANTA/Si was attached).
The VANTA/Si was attached to the front electrode with silver-filled, two part electrically conducting epoxy. The epoxy was applied in a thin layer, less than 2 μm thick, with a nylon swab. The VANTA/ Si was placed on the epoxy layer and the assembly of VANTA∕Si∕LiTaO 3 was placed in a bell jar that was evacuated for 30 min.
The composite VANTA∕Si∕LiTaO 3 stack was assembled into a detector package such that the front electrode was the electrical "earth ground" while the back electrode was the "signal electrode." Electrical connection was then made to a separate transimpedance amplifier. The front face of the detector was defined by a 3 mm aperture placed in front of the area defined by the VANTA/Si coating.
B. Method of Evaluating the Performance of the Test Detector
The relative spectral responsivity of the VANTA/Si detector was measured in the 0.8 to 24 μm wavelength range on the National Physical Laboratory (NPL) infrared spectral responsivity characterization facility. This measurement involved the direct comparison of the spectral responsivity of the test detector with the responsivity of an NPL spectral responsivity transfer standard detector [13] . This allowed the spectral flatness of the absorptivity of the VANTA coating to be determined and compared with absolute absorptivity measurements made on witness samples of the VANTA coatings [14] . All relative spectral responsivity measurements were made using radiation modulated at 80 Hz.
The absolute spectral responsivity of the test detector was measured by direct comparison to the spectral responsivity of an InGaAs transfer standard detector at 1.5 μm on the NPL infrared spectral responsivity facility using a 2 mm diameter spot centered on the active area of the test detector. The calibration of the absolute spectral responsivity of the InGaAs transfer standard detector was traceable to the NPL cryogenic radiometer [15] .
The spatial uniformity of response of a detector defines the ability of a detector to give a constant output if the same radiant flux is incident on different parts of the detector active area. The spatial uniformity of response of the VANTA/Si-coated test detector was measured using the NPL spatial uniformity of response measurement facility [16] . A 0.16 mm diameter light spot was scanned over the active area of the test detector. Measurements were repeated at three different modulation frequencies in order to determine the dependence on the modulation frequency. The same facility was also used to map the spatial distribution of the phase delay introduced by the presence of the VANTA coating. The phase delay provided information on the spatial uniformity of the thermal diffusivity of the VANTA coating [17] .
The linearity of response of a detector describes how the responsivity of the detector changes as a function of the incident optical radiant power. The linearity of response of the VANTA-coated detector was measured on the NPL linearity of response measurement facility [16] , which uses the flux superposition method. This measurement also provides information on the thermal diffusivity and thermal conductivity of the VANTA coating [17] . Finally, the response of the test detector to incident radiant power modulated at a range of frequencies was measured and was compared with the corresponding measurement of an uncoated LiTaO 3 pyroelectric detector of identical thickness.
Results and Discussion

A. Spectral Responsivity
The test detector offers superior SNR characteristics compared to previous VANTA-coated pyroelectric detectors [17] , so the spectral responsivity measurements were extended to 24 μm. Figure 2 shows the relative spectral responsivity of the VANTA/Sicoated pyroelectric detector in the 0.8-24 μm wavelength range, normalized at a wavelength of 1 μm. The error bars shown in Fig. 2 represent the standard uncertainty of the measurements [13] . Figure 2 shows that the spectral responsivity of the test detector is spectrally flat (within the uncertainty of the measurements) over the entire wavelength range of measurements. Since the absorption characteristics of the VANTA/Si coating govern the relative spectral responsivity characteristics of the test detector [1] , it can be concluded that the VANTA coating deposited on the test detector has a spectrally flat absorbance over the 0.8-24 μm wavelength range. This, in combination with absolute directionalhemispherical reflectance measurements made at NPL on witness VANTA samples [5] 
The DC equivalent radiant power responsivity of the VANTA/Si test detector operated in photocurrent mode for a modulation frequency of 80 Hz was measured to be 5.9 × 10 −7 AW −1 at 1.5 μm. This is 30% higher than the corresponding absolute spectral responsivity of an uncoated LiTaO 3 pyroelectric detector of similar crystal thickness (60 μm thick). However, in radiometry, the real benefit of the black VANTA/Si coating is not provided by the 30% higher absolute responsivity but lies in the fact that the presence of the black coating gives the pyroelectric detector a spectrally flat response [13] . Figure 3 shows the spatial uniformity of response of the VANTA/Si-coated detector recorded using chopped radiation at 80 Hz modulation frequency. Figures 4 and 5 show the corresponding spatial uniformity plots measured using 20 and 8 Hz modulation frequencies, respectively. Figures 3-5 indicate that the spatial uniformity of response improves as the modulation frequency of the incident radiant power decreases. Whereas the peak to peak spatial nonuniformity of this detector only improves from 4% to 3% as the modulation frequency decreased from 80-8 Hz, the fine structure that was present in the spatial uniformity of response at 80 Hz is absent at 8 Hz. The spatial uniformity of response of LiTaO 3 pyroelectric detectors coated with sprayed multi wall carbon nanotube (MWCNT) coatings was also observed to deteriorate with increasing modulation frequency but the change was much higher, increasing from 18% at 8 Hz to over 60% at 80 Hz [18] . Furthermore, there was considerably more fine structure in the spatial uniformity of response of the LiTaO 3 pyroelectric detectors coated with sprayed MWCNT coatings [18] . However, what hinders the adoption of sprayed MWCNT coatings in infrared radiation metrology is not their poorer spatial uniformity of response but the lower absorbance associated with sprayed MWCNT coatings (it can be as low as 90% in the infrared), combined with spectral variations in their absorbance. In particular, the absorbance of sprayed MWCNT coatings decreases with increasing wavelength, in contrast with VANTA coatings, which have been applied to LiTaO 3 pyroelectric detectors and have near unity absorbance values for wavelengths beyond 20 μm [5] . Figure 6 shows the linearity factor [19] of the VANTA-coated test detector as a function of the lock-in amplifier output rectifying the detector output. Measurements were repeated at two different modulation frequencies, 8 and 80 Hz. A 2 mm diameter spot was illuminating the geometric center of the test detector in all linearity measurements reported. Figure 6 shows that there is good overlap of the measurements corresponding to the two modulation frequencies, indicating that the linearity characteristics of the test detector are not dependent on the modulation frequency in the 8-80 Hz range. The error bars represent the standard deviation of at least eight repeat measurements. The linearity factor of the test detector exhibits a superlinear response, i.e., the linearity factor increases with increasing detector output. This behavior was also observed in other LiTaO 3 pyroelectric detectors [19] , and arises due to the positive temperature coefficient of response of LiTaO 3 pyroelectric crystals. The superlinear response indicates that the thermal diffusivity of the VANTA/Si coating is high. LiTaO 3 pyroelectric detectors coated with black coatings of low thermal diffusivity were found to exhibit a sublinear response [19] . Figure 7 shows the normalized output of the VANTAcoated pyroelectric detector at different modulation frequencies in the 4-120 Hz range, normalized to a modulation frequency of 4 Hz. Also shown in Fig. 7 is the corresponding plot for an uncoated LiTaO 3 pyroelectric detector of the same thickness. The fact that the response does not change strongly with modulation frequency indicates that the absorptive coating has high thermal diffusivity. Figure 7 also shows the plot corresponding to another LiTaO 3 pyroelectric detector coated with a VANTA coating but bonded on the pyroelectric crystal using alumina paste [17] . The plot corresponding to the detector with the VANTA coating bonded with alumina paste is very different from the other two, providing further confirmation that the thermal diffusivity of this coating (i.e., the coating bonded with alumina paste) is poor compared to the VANTA/Si-coated pyroelectric detector and, of course, the uncoated detector. Figure 8 shows the normalized output of a 60 μm thick LiTaO 3 pyroelectric detector coated with a sprayed MWCNT coating [18] at different modulation frequencies in the 4-120 Hz range, normalized to a modulation frequency of 4 Hz, for comparison. Figure 8 shows that the response of the detector coated with the sprayed MWCNT coating at 120 Hz decreased to 19% of its value at 4 Hz whereas the response of the uncoated detector at 120 Hz decreased to 67% of its value at 4 Hz. This indicates that the thermal diffusivity of the sprayed MWCNT coating is lower than that of the VANTA-on-silicon coating. The thermal diffusivity of the sprayed MWCNT coating can be improved by decreasing its thickness but that is associated with a severe decrease of its absorbance, particularly at longer wavelengths.
B. Spatial Uniformity of Response Evaluation
C. Linearity of Response
D. Dependence of the Output on the Modulation Frequency
E. Phase Mapping
The delay in the phase of the output electrical signal from the VANTA-coated pyroelectric detector relative to the phase of the incident modulated beam was mapped at every point on the active area of the test detector using a modified version of the NPL spatial uniformity of response measurement facility. The beam was modulated with square wave modulation before it was incident on the detector. Absorption of the modulated beam by the black coating produced heat waves which propagate through the VANTA/Si coating, before they reach the pyroelectric crystal where they are converted into electrical signals. The thermal diffusivity of the coating is a unique function of the phase difference measured and the thickness of the coating [20] . The phase difference was mapped by scanning the incident spot on the front face of the test detector. Figure 9 shows the spatial distribution of the phase difference between the output electrical signal and the modulated beam incident on VANTA/Si-coated test detector, measured for a modulation frequency of 20 Hz. Figure 8 shows that the phase difference varied by only 2°over the entire active area of the test detector. The corresponding spatial variations of the phase delay that were observed for the VANTA coating bonded with alumina paste were about 20°o ver the active area of the detector [17] , indicating that the spatial uniformity of the thermal diffusivity of the VANTA-on-Si black coating is far superior compared to the spatial uniformity of the thermal diffusivity of the VANTA coating attached with alumina paste.
Summary and Conclusions
A novel method was used to apply a VANTA coating onto a 60 μm thick LiTaO 3 pyroelectric detector. The black coating was grown on a silicon substrate and the VANTA coating-silicon substrate combination was bonded on the pyroelectric crystal substrate. The performance of the VANTA/Si-coated pyroelectric detector was evaluated using NPL's detector characterization facilities. The relative spectral responsivity of the VANTA/Si-coated detector was shown to be spectrally flat in the 0.8-24 μm wavelength range, in agreement with directionalhemispherical reflectance measurements of witness samples of the VANTA coatings. The absolute spectral responsivity of the tests detector was 30% higher than that of an uncoated 3 mm diameter LiTO 3 pyroelectric detector, demonstrating one of the benefits of the VANTA coating. The spatial uniformity of response of the test detector exhibited good uniformity, although the nonuniformity increased with modulation frequency. The nonuniformity may be assigned either to variations in the thickness of the VANTA/Si composite or to the uniformity of the bond to the pyroelectric crystal substrate. The test detector exhibited a small superlinear response, and this behavior is in agreement with that of other pyroelectric detectors coated with high diffusivity black coatings. This observation confirms that the thermal conductivity of the VANTA/Si coating is high and confirms that the thermal conductivity of the component MWCNTs which make up the VANTA coating is high along their lengths. E. T. acknowledges support from the National Measurement Office of the UK Department of Business, Innovation and Skills. 
